Background: Purkinje cells (PCs) pathology is important in cerebellar disorders
INTRODUCTION
The cerebellum is a centre of coordination in the body that receives information from other components of the central nervous system (CNS) [15] . Cerebellar ataxias are a group of neurodegenerative disorders that are identified by progressive damage to the cerebellum [14] . Systemic injection of 3-acetylpyridine (3-AP) induces cerebellar ataxia which characterised by selective degenerative changes in inferior olivary nucleus (ION) neurons and climbing fibres (CF) of olivocerebellar track that innervate the cerebellar Purkinje neurons. Ataxia has significant effects on the cellular integrity, activity and morphology of neurons in the cerebellum [1, 6, 9] .
Cell therapy is a promising treatment to replace degenerated cells and has some trophic effects [4] . Transplantation of some stem cells has been tested in the treatment of ataxia [5, 16] . Immunosuppression is required in cell transplantation to prevent rejection of transplanted cells. Because of side effects of immunosuppressants, a reasonable strategy to inhibit cell rejection is utilisation of immune-privileged sites as a source of cells. Immune-privileged sites in the body are the parts in which immune system is weakened and transplanted cells can survive for a long time without arousing the immune system [3] .
Sertoli cells (SCs) in testis are immune-privileged cells that provide immune support for spermatogenesis [13] . Some studies suggest that SCs secrete trophic factors following transplantation which can promote cell survival after transplantation [20] . SCs transplantation is a promising approach for treating neurodegenerative diseases like Parkinson [12] and Huntington disease [21] .
Stereological methods can provide additional information about the spatial arrangement and structural changes in the cells or organelles in different normal and pathologic conditions. This method has been used to analyse the spatial pattern in different tissues by evaluation of mathematical function [17, 18] .
Except few reports on the quantitative aspects of the Purkinje cells (PCs), limited studies have been performed on the spatial arrangement of the cerebellum in ataxia. Based on documented survival of SCs transplantation in the different disease, we prompted to examine the effects of SCs transplantation in ataxia on the spatial arrangement of PCs in the cerebellum of rats.
MATERIALS AND METHODS

Animal models of cerebellar ataxia
Rats (Wistar/Sprague-Dawley) of 220-240 g weight were used for ataxia model. Experimental procedures and housing were performed according to the policy guidelines of the National Guide for Institutes of Health for the Care and Use of Laboratory (NIH Publications No. 80-23). Rats were randomly divided into control, sham, 3-AP without and 3-AP with SCs transplantation (3-AP-SC) groups. To induce cerebellar ataxia model, rats were given an intraperitoneal injection (IP) of 3-AP (65 mg/kg) in 3-AP and 3-AP-SC groups [9] . This provokes damage to the ION neurons and subsequently PCs in the cerebellum lose their inputs from CF, and the rats suffer from ataxia.
Isolation and culture of testicular cells
Sertoli cells were isolated from testis of 16-day-old male rats. Following decapsulation, enzymatic digestion was performed using 0.25% trypsin (Sigma) and 0.1% collagenase (Sigma, type V) at 37°C. Isolated cells were transferred into cell culture flasks and kept in the cell culture incubator. After 24 h the flasks were washed to eliminate debris and medium (DMEM/F12) were changed. After 48 h the cells were treated for 2.5 min with hypotonic buffer (20 mM Tris-HCl; pH 7.4) to lyse any residual germ cells and to get SCs with the purity of > 95%.
Labelling of SCs with DiI
We applied DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate) solutions for labelling of SCs. First, 5 µL of DiI solution was added to 1 mL of serum-free cell suspension (1 × 10 6 /mL). Then it was incubated for 20 min at 37°C to prepare uniform labelling. Following the centrifugation and re-suspension of cells in a warm medium, labelled SCs suspension was ready for transplantation ( Fig. 1) . 
Transplantation
Rats in a 3-AP-SC group were anesthetised with an IP administration of ketamine (100 mg/kg) and xylazine (5 mg/kg). Then animals were fixed on the stereotaxic frame. The transplantation site was located 12.00 mm posterior to bregma and 3 mm lateral to the sagittal suture at a depth of 4 mm under the skull surface [19] . Infusion of 5 µL of SCs suspension (1 × 10 4 cells/µL) was injected over 3-5 min per cerebellar hemisphere. To evaluate the effect of operation on rats, a sham group was treated with injection of the same volume medium (DMEM/F12) without SCs, with same operation and injection condition as 3-AP-SC group.
Tissue preparation and staining
Six weeks after the 3-AP injection, the rats were anesthetised with ketamine/xylazine deep anaesthesia and sacrificed, and their brains were fixed by intracardiac perfusion with 0.9% saline followed by 4% paraformaldehyde (PFA). The brain was carefully excised and kept in 4% PFA for 1 week. After tissue processing, the selected samples were embedded in paraffin. Sections (4 µm) were prepared on microscopic slides and then slices were stained with 0.1% cresyl violet (Lamb; London, UK) that was dissolved in distilled water.
Estimations of covariance and pair correlation function
For estimation of the local 3-dimensional (3D) arrangements of PCs, transparent lattice bearing a row of points (a set of linear dipole probes with 21-26 intervals each row consisted of 50 points and 49 equidistant intervals) was used. A distance of point interval was 2.6 µm on the scale of the tissue. Consequently, both end points of dipoles (DPs) of class size r = 1 (equivalent to 2.6 µm) had chances of being included within the same cell section. The lattice was superimposed on the live image on a monitor connected to a microscope (Nikon, E-200, Japan). It was set to be random in position and orientation in each field. For each cerebellum, 10 trials with a total of 500 test points were conducted. For every trial, the nature of the tissue component underlying each test point was noted and all this information was recorded on a 50 × 10 matrix printed as a blank table with 50 columns and 10 rows. Within the cells of this matrix, each point was coded as 1 (PCs) and 2 (neuropil) (Fig. 2) . The covariance of a component (X) was estimated by the following equation [18] : C(r) X = SDP (X, r)/SDP (ref, r), where DP(X, r) and DP (ref, r) are the dipole length which hit the favoured structure and the nervous tissue. Pair correlation function is the normalised covariance function obtained by dividing covariance by the reference value (squared volume fraction) [18] : g(r) = C(r)/Vv2.
Estimations of cross correlation function
The term cross-correlation function is used to express how different particles are clustered or dispersed together. The cross correlation function was estimated by the following equation [18] 
Immunohistochemistry
Immunohistochemistry (IHC) staining of the cerebellar sections was performed to demonstrate the neuroprotective effect of SCs transplantation in the cerebellum. As explained in tissue preparation, microscopic slides were prepared for IHC. Slides were treated with 3% H 2 O 2 for peroxidase inactivation, heated in 10 mM citrate buffer (with 0.05% Tween20) for antigen retrieval and blocked with 1% blocking solution (1% BSA and 0.1% Triton X-100 in PBS). Then, the sections were incubated overnight at 4°C with the anti-calbindin (Abcam, 1:200). The following day, sections were incubated with Alexa Fluor 488-conjugated anti-mouse IgG (1:1000) for 2 h at room temperature. DAPI (4'6'-diamidino--2-phenylindole) (molecular probes) was applied to stain nuclei. The sections were washed with 0.1 M PBS, pH 7.4, for 5 min following per step. The slices were analysed using a confocal laser-scanning microscope (LSM 5 PASCAL). As a negative control, the same procedure was done using a similar protocol except for the omission of incubation with the primary antibody. All negative control sections revealed negative reactions.
Data analysis
Data were revealed as means ± standard deviation and group mean and coefficients of variation between rats were computed for PCs in the cerebellum. Comparisons of g(r) of the PCs between the groups were done using of Mann-Whitney U-test.
RESULTS
Spatial arrangement of Purkinje cells
The data points in 3-AP and 3-Ap-SC groups showed a random arrangement at larger distances between PC. Therefore, the spatial arrangement of the PCs was changed and not normally arranged after 3-AP and dissociation of the PC could be seen at some places. According to the results, fewer PCs and wider gaps were detected in the 3-AP group in comparison of the 3-AP-SC group and g(r) of the 3-AP vs. 3-AP/SC shows significant differences (p < 0.05) (Fig. 3) .
Immunohistochemistry
We defined the effect of SCs transplantation on the architecture of neuron in the cerebellum and, in particular, the PCs, because the calbindin protein is a cytosolic protein confined in the PCs. Cell bodies of PCs in the 3-AP group were showed to have the lowest cell density. This investigation was approved by quantitative analysis of the number of PCs that expressed calbindin (Fig. 4F ). These results demonstrate that differences between the two ataxic groups and the control and sham groups were significant and the difference between 3-AP In the cerebellum, DiI trace was detected and we observed DiI-labelled SCs (Fig. 4 ).
DISCUSSION
The current study showed alterations in PCs arrangement using stereological methods. Stereological techniques were used to evaluate the spatial arrangement of PCs and the effect of SCs transplantation on PCs spatial arrangement in ataxic rat's cerebellum. The major advantage of using stereological methods is obtaining precise and accurate estimation and unique quantification of the spatial pattern organisation of the PCs cytoarchitecture. Using modern stereology with 3D probes enables us to determine the distribution of PCs [21] .
Previous studies have shown that IP injection of 3-AP cause selective degeneration of ION neurons and subsequently cerebellum loses innervations and inputs from CF and as a result ataxia is induced. The climbing fibres make synapses with PCs and these cells are the exclusive neurons that export data from the cerebellar cortex to cerebellar nuclei and then to the other parts of CNS [2, 7] . Following the destruction of ION, the axons of these neurons that connect with PCs, also change. Changes such as neuronal structure are impressed. The response of target neurons to the damage include complex changes leading to atrophy or cell death [10] . The synaptic detachment of ION axon terminals to PCs result in a regressive change and a lack of synaptic connection with the efferent destination may lead to trans-neuronal degeneration of the PCs. Purkinje cells are formed only during early CNS development and there is no evidence of their formation after birth [22] . In this study, the potential of using SCs to protect PCs from degeneration in ataxia was explored.
Sertoli cells have been subject of studies on cell therapy of some neurodegenerative diseases [8, 11, 20] . All these findings suggest that SCs transplantation can be a potential strategy for neurodegenerative disease treatment.
In the present study, the possible neuroprotective effect of SCs against 3-AP-induced ataxia was examined. Decreasing CF has a negative effect on the survival of PC and plasticity of the cerebellar cortex and ataxic rats show cerebellar abnormality including lower cellular density of cortical neurons [2, 9] . According to our results, loss of the PCs and wider gaps between PCs were detected in the 3-AP rats. Assessments of the PCs in the 3-AP and 3-AP-SC groups indicated more distribution and repulsion in the 3-AP groups. Plots of pair-correlation function showed a wider gap in the spatial arrangement of PCs in the cerebellum after 3-AP administration. The wider gap between PCs should be filled with neuropil. Our results support the hypothesis that an altered pattern of PCs position is present in the cerebellum after 3-AP administration. Our previous study revealed a difference in the neurons and glial cells spatial patterns in medial prefrontal cortex after chronic stress. Interesting data on structural changes that cannot be detected only by qualitative analysis can be obtained by evaluation of the spatial arrangement [18] .
Previous studies demonstrate that SCs secrete several neurotropic factors that can provide neurotrophic protection [12] and these factors are involved in decreasing apoptosis and suppress local inflammation and immune activity [23] . Our findings confirm the PCs regenerative potential and unique plasticity in response to SCs transplantation and show that SCs has the capability to protect neurons.
The present study was the first study on neuroprotective effect of SCs transplantation on spatial arrangement of PC disability of cerebellar ataxia induced by 3-AP in rat. The results showed that 3-AP induced cerebellar ataxia in rats and caused degenerative changes in the cerebellum and ION. There is little information about the mechanism of SCs function in the nervous tissue, but its effect on the CNS may involve secretion of trophic factors following SCs transplantation that can improve PC survival after transplantation. Further studies need to be done to investigate the mechanism of SCs preventive and regenerative effects on ataxic nerve system.
CONCLUSIONS
The following can be concluded on the basis of results obtained from the immunohistochemical and stereological analysis in this study: (1) 3-AP toxin application leads to morphological and neuronal changes in the cerebellum; (2) SCs transplantation in ataxic rats causes partial recovery in the PCs spatial arrangement. In conclusion, SCs transplantation can improve spatial arrangement of PCs in cerebellar ataxia induced by 3-AP in rats.
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